Background: Oral vancomycin remains the mainstay of therapy for severe infections produced by Clostridium difficile, the most prevalent cause of healthcare-associated infectious diarrhoea in developed countries. However, its short-and long-term effects on the human intestinal microbiota remain largely unknown.
Introduction
The intestinal microbiota is essential for the proper development of the intestinal tract and maturation of the immune and nervous system. In addition, commensal bacteria confer resistance to infection by suppressing the growth of intestinal pathogens. 1 -4 Consequently, alterations of the microbiota composition induced by antibiotics can promote pathology, including obesity, asthma or infectious diseases. 2,5 -7 Thus, understanding the effects that specific antibiotics have on the human intestinal microbiota is crucial for clinicians in order to choose the most efficacious (and otherwise less deleterious) of the therapeutic options available for treating infections.
Vancomycin, a glycopeptide antibiotic mainly active against Gram-positive bacteria, is often used to treat infections produced by multidrug-resistant Staphylococcus aureus and Clostridium difficile. Indeed, among the different antibiotics currently available, oral vancomycin remains the treatment of choice for severe C. difficile infection (CDI). Despite its effectiveness against CDI (cure rate of 90%), a subset of cured patients (14% -21%) develop recurrent infections, which are thought to be enhanced by microbiota changes promoted by vancomycin. 8, 9 In addition, microbiota alterations induced by vancomycin may promote intestinal colonization by other pathogens, including VRE, Klebsiella pneumoniae or Escherichia coli. 10 Moreover, oral vancomycin therapy may predispose to other microbiota-related disorders, including obesity, asthma or diabetes. 7, 11, 12 Despite the potential negative effects caused by vancomycin administration, the impact that this antibiotic has on the human microbiota is not well characterized. Indeed, most prior studies analysing intestinal microbiota changes upon vancomycin administration have focused on CDI patients. 13 -16 Importantly, the majority of these patients have received antibiotics before vancomycin administration, preventing a true understanding of the vancomycin effects on intestinal commensal populations. Moreover, subjects recruited for these studies were only followed for up to one month after antibiotic discontinuation, rendering the long-lasting effects of vancomycin unknown. In addition, these reports have only partially characterized the changes in the microbiota upon vancomycin administration. Indeed, only changes at the family level, 16 or changes in particular bacterial groups have been defined. 13 -15 High-throughput sequencing of the 16S rRNA gene currently allows for an in-depth taxonomic survey of bacterial communities beyond the genera level, enhancing our capability to understand how vancomycin alters the ecological communities inhabiting the intestinal tract.
To better characterize the effects of vancomycin on the intestinal microbiota, we have analysed, using 16S rRNA highthroughput sequencing, the faecal microbiota of patients with treatment-naive, new-onset rheumatoid arthritis (RA) who underwent a 2 week course of oral vancomycin. These patients had not been exposed to any other antibiotic at least 3 months prior to vancomycin administration, nor were they exposed to immunosuppressive therapies, allowing us to clearly define the microbiota changes solely produced by this antibiotic.
Methods

Ethics
This study was approved by the Institutional Review Board of New York University School of Medicine, protocol number 09-0658. Further details are published on the www.ClinicalTrials.gov web site, identifier NCT01198509. All included patients gave their consent to participate in the study. Mice procedures were approved by University of Valencia Animal Care Committee, protocol number 2015/VSC/PEA/00082.
Vancomycin administration in RA patients: study design All RA patients were recruited from a previously described study. 17 Patient characteristics and inclusion and exclusion criteria are described in detail in the supplementary methods (available as Supplementary data at JAC Online). After consent was obtained, we randomly divided new-onset RA patients into two groups. The first group (the vancomycin-treated group) received vancomycin orally (250 mg four times a day) for 2 weeks, followed by treatment with methotrexate starting 6 weeks after discontinuation of antibiotic therapy. The second group (control group) received methotrexate from the beginning of the study and did not receive vancomycin. This control group was included to identify changes in the microbiota due to methotrexate administration. Importantly, as described below, no alterations in the gut microbiota composition were observed at any studied timepoint in the control group.
Microbiota analysis
Bacterial DNA extraction, amplification of 16S rRNA gene and highthroughput sequencing analysis, including confirmation of the obtained results using different subset of sequences, are indicated in the supplementary methods and Figures S7-S10 (available as Supplementary data at JAC Online).
Statistics
The two-tailed Student's t-test was applied to identify significant differences in the number of operational taxonomic units (OTUs), genera or Shannon index. 18 The two-tailed Wilcoxon non-parametric test was applied to identify significant microbiota taxonomic changes that occur in patients after vancomycin therapy. The false discovery rate (FDR) approach was applied to adjust for multiple hypothesis testing. 19 Very low abundance taxa and OTUs (,10 counts in the two groups of samples under comparison) were not included in the statistical analysis. Changes with a P, 0.05 and FDR,0.2 were considered significant.
Correlation between the microbiota recovery rate and susceptibility to intestinal colonization by VRE were analysed using the Spearman test. Correlations between pairs of variables were considered to be significant when P values were ,0.05.
Mouse model of pathogen intestinal colonization
Details on the mouse experimental procedures are described in the supplementary methods.
Results
Vancomycin treatment alters the human intestinal microbiota structure Twenty-one subjects were included in the study. Nine of the patients received vancomycin orally for 2 weeks, followed by methotrexate (beginning 6 weeks after vancomycin cessation), while 12 subjects were only treated with oral methotrexate from day 1 (control group; no vancomycin). No significant differences in clinical or demographic baseline characteristics were observed between both groups (Table S1 , available as Supplementary data at JAC Online). Faecal samples were obtained immediately before the initiation of vancomycin treatment, the day the treatment was ended (week 2), and 2, 6, 14 and 22 weeks after antibiotic discontinuation. Samples from control patients were obtained at the same timepoints. With only a few exceptions, samples for most timepoints were included in the study for all vancomycin-treated (4.9+0.9 out of 6 timepoints; mean+SD) and control patients (4.2+1.1) ( Figure S1 ).
First, to obtain a global view of the changes induced by vancomycin, we applied hierarchical clustering (see the supplementary methods) to group samples by microbiota similarity (samples with a more similar microbiota will be those grouped together in the same branch of the tree). As shown in Figure 1(a) , oral methotrexate alone did not produce major changes in the faecal microbiota, as all prospective samples from control patients cluster with
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Effects of oral vancomycin on the human intestinal microbiota JAC their respective baseline samples. In contrast, oral administration of vancomycin for 2 weeks consistently altered the faecal microbiota structure, with all faecal samples obtained immediately after vancomycin treatment clustering together and away from their respective baseline samples. After antibiotic cessation, a few vancomycin-treated patients recovered their overall baseline microbiota structure (i.e. samples after antibiotic cessation from patients T6 and T8 cluster together with their respective baseline samples). However, the faecal microbiota structure for most vancomycin-treated patients remained altered, even 22 weeks after antibiotic cessation (i.e. samples after antibiotic cessation from patients T2, T3, T4 and T5 do not cluster with their respective baseline samples).
Vancomycin treatment diminishes the richness and diversity of the human microbiota Subsequently, we analysed the impact of vancomycin treatment on microbiota richness, measured as the number of identified OTUs, a sequencing approach that closely defines the number of bacterial species within a sample. The number of OTUs did not differ over time in the control patients not receiving vancomycin ( Figure 1b and Figure S2 ). By contrast, microbiota richness was greatly reduced upon vancomycin administration. Following antibiotic cessation, microbiota richness gradually increased, although it never recovered to baseline levels. A similar result was obtained when the Shannon diversity index was calculated ( Figure 1c and Figure S3 ), which takes into account the number of OTUs and their relative proportion. In this case, however, baseline levels were recovered 22 weeks after antibiotic withdrawal.
Abundance of most intestinal bacterial taxa is altered during vancomycin treatment
Considering the large effects of vancomycin on the overall microbiota structure and richness, we next decided to examine its effects on specific taxa. We focused on those taxa that were present in at least 50% of the patients (either at baseline or after treatment). Vancomycin treatment greatly reduced the levels of the Bacteroidetes phylum ( Figure 2a ). In contrast, the Proteobacteria and Fusobacteria phyla underwent a drastic expansion after vancomycin therapy. The abundance of most analysed genera and OTUs was also significantly altered by vancomycin treatment (Figure 2b and c). Indeed, most abundant genera and OTUs from the Bacteroidetes or Firmicutes phyla could not be detected in any of the patients after vancomycin treatment. Nonetheless, some Firmicutes increased after vancomycin treatment (i.e. Megasphaera, Veillonella), likely explaining why, overall, the Firmicutes phylum did not diminish upon vancomycin treatment ( Figure 2a ). Importantly, several genera belonging to the Proteobacteria phylum (i.e. Escherichia/Shigella and Klebsiella), which have been associated with infectious processes, increased after antibiotic administration. In contrast, no statistically significant changes in any analysed taxa or OTU (P, 0.05, FDR , 0.2) were detected at any timepoint in patients who did not receive vancomycin.
Incomplete and individualized microbiota recovery after vancomycin withdrawal
We next examined the capacity of the different commensal bacteria to recover after antibiotic cessation. We focused on those C3  C5  C12  C6  C10 C4  T8 T3  T9  T2T1T4  T5  T1 T6  C7  C9 C2 C8 C1  T7 T4 T9T1T3 T5 T2 T3T5- commensals whose relative abundance significantly changed during vancomycin therapy. As shown in Figure 3 , the speed of recovery was different depending on the phyla, genera or OTU analysed. Nevertheless, 22 weeks post-antibiotic cessation, all genera and phyla had recovered their baseline levels (with the exception of only two OTUs which still showed significant alterations).
The performed analysis allowed us to identify perturbation patterns common to all patients after antibiotic cessation. For example, OTU23 abundance was significantly reduced 22 weeks post-antibiotic cessation, since this OTU was not recovered in any of the patients analysed (Figure 3c and Figure S4 ). However, this type of analysis does not allow for the identification of interindividual differences in the microbiota recovery. For example, 
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Effects of oral vancomycin on the human intestinal microbiota JAC OTU15 mean abundance was diminished 22 weeks post-antibiotic cessation, but this change was not significant due to the variable recovery of this OTU among different patients ( Figure S4 ).
Considering that a previous analysis (Figure 1a ) had suggested that major shifts in the microbiota of some patients still occurred 22 weeks post-antibiotic cessation, we decided to characterize the degree of taxa recovery at the individual patient level. To this end, we identified and plotted the most abundant OTUs present at baseline for each patient (≥10 counts), and analysed the recovery of those OTUs after antibiotic withdrawal (Figure 4 , Figures S5 and   S6 ). As expected, there was a high inter-individual variation in the recovery pattern. While some patients recovered most of their abundant OTUs (e.g. T6 and T4), in other patients as few as 10.7% of their most abundant OTUs could be detected 22 weeks post-antibiotic withdrawal (i.e. T5). Control patients (methotrexatetreated only) did develop a few changes over time, and some OTUs were absent at a given timepoint. However, in most cases, the missing OTUs were detected at subsequent sampling. Overall, in control patients, 90.6+8.1% of the most abundant OTUs at baseline could be detected at any timepoint ( Figure S6a ). By contrast, in 
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vancomycin-treated patients, we could only detect 39+21.9% of the baseline most abundant OTUs at the last timepoint analysed. A similar result was obtained at the genus level, although the recovery rate was greater than the one observed for OTUs ( Figure S6b ).
Microbiota recovery rate after vancomycin cessation influences the level of susceptibility to pathogen intestinal colonization
We have demonstrated that upon vancomycin cessation, the human microbiota recovers to varying extents in a subject-specific manner. It is conceivable, therefore, that antibiotic-driven dysbiosis and the microbiota recovery rate observed after vancomycin cessation could impact susceptibility to infection, with 'slow recoverers' being at higher risk. Because vancomycin also induces long-lasting intestinal microbiota perturbations in mice, allowing for intestinal colonization by pathogens such as VRE, 10 we used this mouse model to investigate if a different microbiota recovery pattern upon vancomycin cessation could influence susceptibility to intestinal colonization by this pathogen. As shown in Figure 5 , vancomycin induced changes in the murine intestinal microbiota strikingly similar to those observed in patients, including: decrease in microbiota richness, depletion of all Bacteroidetes and most Firmicutes OTUs and increase in Proteobacteria OTUs. Moreover, 2 weeks post-vancomycin cessation, mice partially recovered the baseline OTU numbers, and like in humans, the level of recovery was variable depending on the mouse. We next evaluated, using this mouse model, the extent to which a different microbiota recovery rate after vancomycin administration could impact VRE intestinal colonization. As shown in Figure 5 (c) and previously reported, 10 untreated mice were resistant to VRE colonization, while mice that received oral vancomycin were highly susceptible to VRE colonization. Two weeks after antibiotic cessation, mice were still susceptible to VRE colonization, but with a high degree of inter-individual variability. Importantly, correlation analysis between the level of microbiota recovery and the level of VRE intestinal colonization (Figure 5d ), indicated that mice that recovered a higher number of OTUs (or a microbiota more similar to that of untreated mice) were colonized with lower levels of VRE.
Discussion
Using a high-throughput sequencing approach, we have investigated for the first time both the short-and long-term impact of vancomycin on the human intestinal microbiota. Our results have revealed that vancomycin depletes most bacterial OTUs found in the intestinal tract, including all detected baseline OTUs from the phylum Bacteroidetes. Furthermore, several bacterial genera from the Proteobacteria phylum that have been associated with human infections (i.e. Klebsiella and Escherichia/ Shigella) increased after treatment. Our results showing Bacteroidetes depletion and a concomitant expansion of Proteobacteria are in agreement with previous studies utilizing lower-resolution techniques to study the effects of vancomycin in CDI patients. 14,15 Importantly, our high-throughput sequencing approach allowed us to define that essentially all highly prevalent OTUs belonging to the Bacteroidetes phylum were affected by vancomycin. Consistent with our results but using a microarray lower-throughput approach, Vrieze et al. 20 also observed a decrease in the levels of Faecalibacterium and Ruminococcus.
We acknowledge several limitations of our study. First, we analysed the effects of vancomycin on RA patients, a population that Figure 4 . Incomplete and individualized recovery of the human microbiota after vancomycin withdrawal. Relative abundance at baseline (Bs) and at different weeks post-antibiotic cessation of OTUs whose abundance was ≥10 counts in the baseline sample of the analysed patient. Note that each patient baseline OTUs are distinct. The ID of each patient is indicated. As control, samples at similar timepoints were analysed from patients who did not receive vancomycin. Four representative patients from each group are shown (the four control patients from whom we were able to collect and analyse faecal samples at every timepoint and four out of the five vancomycin-treated patients for whom we were able to collect and analyse faecal samples at every timepoint). The rest of the patients are shown in Figure S5 . This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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Effects of oral vancomycin on the human intestinal microbiota JAC demonstrates microbiota features usually absent in normal healthy subjects (i.e. higher levels of Prevotella copri).
17
Therefore, it is possible that different changes could be observed in a healthy human population. Nevertheless, the fact that similar changes were observed in otherwise healthy mice and comparable alterations at the phylogeny level had been identified using lower-resolution techniques suggest that vancomycin effects are expected to be similar in healthy human subjects. Importantly, our study was performed in a human population that had not recently received other antibiotic treatments. This is in contrast to other studies performed in CDI patients, where most patients had received other antibiotics before vancomycin administration. This has allowed us to define the long-term effects of vancomycin administration in the absence of confounding factors such as exposure to other antibiotics. The rationale behind the use of vancomycin on RA patients was based on our pre-clinical observations in animal models. 21 Our studies revealed that this antibiotic led to a dramatic reduction of segmented filamentous bacteria (SFB), a decrease in Th17 cell activation and proliferation, and the abrogation of inflammatory arthritis. Of note, this study was initiated several months prior to the realization that SFB was not a normal inhabitant of the human intestinal microbiota. Besides vancomycin treatment, RA patients also received methotrexate. For this reason, as a control group, we enrolled patients with RA who did not receive vancomycin but were treated with methotrexate from the very beginning of the study. We did not observe any significant intestinal microbiota changes in any of the analysed timepoints in this control group, suggesting that microbiota perturbations observed in the vancomycin-treated group were solely induced by vancomycin. Similarly to our results, a recent study showed that methotrexate has a minor effect on the faecal microbiome composition. 22 A second limitation of our study may be the low number of participants included. Nevertheless, due to the drastic changes induced by vancomycin in the microbiota composition, even with this small number of participants, we were able detect Correlation analysis between the y-axis variable (log 2 VRE cfu/10 mg of faeces detected the second day after VRE inoculation in mice that recover for 2 weeks after vancomycin administration) and the x-axis variable, which is either (i) the number of OTUs identified in mice, the day of VRE inoculation, divided by the average number of OTUs identified in untreated mice, or (ii) the microbiota similarity between VRE-colonized mice, the day of VRE inoculation and untreated mice (based on UniFrac distance, see the supplementary methods). n¼25. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
large, statistically significant changes upon vancomycin administration. Thus the inclusion of further participants would not have substantially changed the conclusions of the study. Beyond analysing the short-term effects of vancomycin, we also examined its long-lasting consequences on the intestinal microbiota. Despite the drastic microbiota disruption observed in the treated patients as a group, 22 weeks after cessation we could only identify changes in two OTUs, probably due to the variable microbiota recovery among patients. Similarly, a recent study identified significant changes in just two OTUs, 4 months after stopping either ciprofloxacin or clindamycin treatment. 23 In that study, only changes in the microbiota common to all subjects were analysed. Here, in contrast, we further analysed the extent to which each subject was able to recover the baseline microbiota. Interestingly, we found a wide inter-individual variability in microbiota recovery after vancomycin cessation. This result is highly relevant because a subset of CDI patients develop secondary infections after vancomycin therapy, including those promoted by VRE. 24 -26 Although the reasons for developing these secondary infections are not completely understood, it has been proposed that alterations of the microbiota after vancomycin treatment may enhance intestinal colonization by bacterial pathogens and subsequent infections. This could have direct clinical implications, as a different microbiota recovery rate upon oral vancomycin therapy in hospital settings (i.e. CDI treatment) could ultimately influence the susceptibility to intestinal colonization by pathogens such as VRE. In fact, the results obtained in mice showing a significant negative correlation between the microbiota recovery rate and the intestinal VRE levels strongly support this hypothesis.
Altogether, our results demonstrate the negative long-term consequences of oral vancomycin administration, which should be taken into account in the decision-making prior to prescribing this antibiotic. In addition, our results highlight the potential value of monitoring microbiota dynamics for each patient before and after antibiotic administration. Microbiota tracking could lead to the identification of patients at higher risk of suffering the collateral negative effects of vancomycin (i.e. infections) and eventually inform the potential need for microbiota restoration through faecal transplantation or probiotic administration.
